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As a typical fossil fuel, coal is a major contributor to nitrogen oxide (NO x ) pollution. 13 The detailed mechanism of NO x generation from coal pyrolysis need to be clarified. 14 Within this research, we used density functional theory (DFT) to investigate the 15 formation mechanism of HCN as a NO x precursor during pyrolysis of pyrrole in the 16 presence of hydrogen (H) radicals. Firstly, three different reaction positions for 17 hydrogen radical attacking were compared. It was identified that hydrogen radical 18 initially reacts with pyrrole at the location adjacent to N through a single elementary 19 reaction step with an activation energy of 77.12 kJ/mol. Additionally, to examine the 20 role of hydrogen radical in the pyrrole pyrolysis to form HCN, 12 subsequent reaction 21 pathways were theoretically investigated. It was found that one of the pathway 22 (Pathway a-4) involving hydrogen transfer followed by carbon-carbon cleavage 23 processes is the route with the lowest energy barrier of all of the mechanisms reported, 24 thus it plays an important role in the formation of HCN from the pyrrolic components 25 of coal. These results further indicated that the hydrogen radicals significantly reduce 26 the energy barrier of the pyrrole pyrolysis. 27
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Introduction 29
Coal combustion is a main source of nitrogen oxide (NO x ) pollution in air [1] . 30 NO x not only forms acid rain and photochemical smog, but also directly endangers 31 human health [2] . At present, the mechanisms of NO x formation from coal are not 32 well understood, and detailed elucidation of these formation mechanism plays an 33 important role for efficient control of NO x emission during coal utilization [3, 4] . 34 M A N U S C R I P T However, it remains unclear how the hydrogen radical actually affects pyrrole 67 pyrolysis to form HCN. To fill this research gap, in this work we use density 68 functional theory (DFT) method to investigate the formation mechanism of HCN 69 during pyrrole pyrolysis in the presence of hydrogen radicals and comprehensively 70 examine the possible reaction pathways. These results will clarify the effects of 71 hydrogen radicals on coal pyrolysis to form NO x . 72
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Methodology 73
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All calculations were carried out in Gaussian 16 [18] , using the CBS-QB3 74 method of Petersson and co-workers [19] . CBS-QB3 is a composite method that 75 combines the speed of density functional theory with the high accuracy of 76 post-Hartree-Fock methods. It also helps alleviate the errors associated with truncated 77 basis sets through extrapolation of energies to the complete basis set limit. In 78 CBS-QB3 calculations, a geometry optimisation and frequency calculation are 79 performed first at the B3LYP/6-311G(2d,d,p) level and then a subsequent frequency 80 analysis is carried out at the B3LYP/CBSB7 level. Following this, single point energy 81
calculations at the CCSD(T)/6-31+G9d') and MP4SDQ/CBSB4 level are performed 82 and the energy is obtained at the complete basis set limit through extrapolation at the 83 MP2/CBSB3 level. This method has been shown to be highly accurate, with mean 84 errors of under 5 kJ/mol when tested against the G2/97 test set [20] . Furthermore, 85
CBS-QBS contains a correction for spin-contamination in radical species which 86 further justifies its selection for this study. 87
Results and Discussion 88
There are three possible sites on the pyrrole that can be attacked by the hydrogen 89 radical, which we have termed Pri-a, Pri-b and Pri-c as shown in Figure 1 . Interaction 90 at site Pri-a involves the radical reacting with the carbon atom that is adjacent to the 91 nitrogen. This is the reaction site with the lowest energy barrier, at 5.87 kJ/mol, and 92 the greatest exothermicity, releasing 108.65 kJ/mol. At site Pri-b, a hydrogen radical 93 attack on the nitrogen atom, is considerably less favourable, with an activation energy 94 of 87.00 kJ/mol as well as being endothermic by 80.77 kJ/mol. The unpaired electron 95 is located at the centre of the ring in this representation as it will be distributed 96 throughout the pyrrole ring through resonance structures. Interaction at site Pri-c, 97 which involves radical attack on the carbon atom opposite the nitrogen, is 98 energetically similar to pri-a in that it has a low activation barrier of 16.06 kJ/mol and 99 it is exothermic by 71.24 kJ/mol. Based on hydrogen radical attacking on each of the 100 reaction site, the subsequent reaction pathways for HCN formation will be 101 investigated and analysed. 
. All the transition states of pyrolytic pathways following interaction at Pri-a. 145
The blue spheres represent nitrogen atoms; the grey spheres represent carbon atoms; 146 and the white spheres represent hydrogen atoms. 147
As a summary of all pathways following site Pri-a, pathway a-4 is the most facile 148 in terms of activation enthalpy, with a barrier height of 91.05 kJ/mol. However, this 149 pathway leads to the final product pair that is higher in energy and exothermic by 150 75.08 kJ/mol. The alternative pathway of a-5, whilst having a greater energy barrier of 151 120.63 kJ/mol, leads to more favourable products. This pathway is exothermic, with a 152 relative energy of -25.75 kJ/mol. It can be concluded that pathway a-4 is the most 153 facile kinetic route, whilst pathway a-5 is the lowest energy thermodynamic route. As a summary of all pathways following interaction site Pri-c, it has two low 224 energy routes of interest similar with the case of site Pri-a. It was found that the route 225 with the lowest activation energy, pathway c-4, leads to the higher energy products. 226
The more feasible mechanism for formation of the low energy products is through 227 pathway c-2, with an energy barrier of 189.38 kJ/mol. We can therefore assign 228 pathway c-4 as the kinetic pathway and c-2 as the thermodynamic route. 
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Pathway a-4 is the route with the lowest activation energy of all of the 241 mechanisms reported herein and as such, we suspect it plays an important role in the 242 formation of HCN from the pyrolysis of pyrrolic components from coal. 243
Conclusions 244
Three different interactions between the hydrogen radical and pyrrole, and twelve 245 subsequent reaction pathways were theoretically investigated in this work to examine 246 the role of hydrogen radical in the pyrrole pyrolysis to form HCN. 247
It was shown that pyrrole is susceptible to hydrogen radical attack, particularly on 248 the carbon atoms, where the addition of the radical is not only notably exothermic, but 249 also proceeds via a very low energy transition state. The instability of the intermediate 250 formed following radical attack on the nitrogen atom leads invariably to conversion to 251 intermediates of Pri-a. 252
After comparing with all the twelve pathways proposed for hydrogen radical 253 interaction with each reaction site, the route a-4 following hydrogen radical attacking 254 the site Pri-a, has been identified as the optimal reaction route for HCN formation 255 from pyrrole pyrolysis. This optimal pathway will play an important role for 256 comprehensive understanding of the HCN and further NOx formation during coal 257 pyrolysis. 
